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Saturation-Tolerant Tunnel Prescribed Control for
Vessel-Train Formation of Underactuated MSVs

Wentao Wu
Weidong Zhang

Abstract—The vessel-train formation composed of multiple ma-
rine surface vehicles (MSVs) is an economical and feasible mode
to improve the effectiveness of waterborne transportation. This
paper investigates the performance-prescribed vessel-train for-
mation of path-guided underactuated MSVs subject to unknown
kinetics, input saturation, and actuator faults. We develop a
saturation-tolerant prescribed control method for implementing
the vessel-train formation along a parameterized path. Specifically,
at the kinematic level, a saturation-tolerant prescribed perfor-
mance (SPP) function is constructed by introducing non-negative
modified variables to not only restrict tracking errors but also
avoid possible violations because of input saturation and actuator
faults. Then, the surge and yaw tunnel guidance laws based on
the transformed errors are derived to achieve position and heading
tracking under SPP constraints. At the Kinetic level, the saturation-
tolerant control laws are designed using the identified kinetics from
echo state network-based estimators. By the Lyapunov stability
analysis, all error signals of the proposed closed-loop system are
proven to be uniformly ultimately bounded and evolve within SPP
constraints against input saturation and actuator faults. Finally,
simulation results are conducted to illustrate the effectiveness of
the proposed saturation-tolerant tunnel prescribed control method
for vessel-train formation.

Index Terms—Actuator faults, input saturation, marine surface
vehicles, tunnel prescribed performance, vessel-train formation.

I. INTRODUCTION

S A maritime cooperation mode, the formation of ma-
rine surface vehicles (MSVs) has been an increasingly
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promising trend, celebrated for its advantages in efficiency, reli-
abilities and robustness [1], [2], [3]. To facilitate the waterborne
transportation, multiple marine vessels are deployed to form a
train-like cooperative pattern called as the vessel-train forma-
tion, which is allowed to access narrow waterways [5] and [6].
A fundamental issue in implementing this specific formation is
to derive the control law for every vessel to establish and sustain
a predefined spatial configuration.

The formation control problem of marine vehicles has at-
tracted considerable attention and yielded diverse research re-
sults, which explored various approaches including neural net-
work [7], [8], [9], fuzzy logic system [10], [11], [12], [13],
observers [14] and [15], and learning [16] and [17], etc. In [18],
a graph-based coordinated path following the control method
is presented for underactuated ships subject to constant dis-
turbances. In [19], a modular cooperative path maneuvering
controller is developed to form the multi-vessel queue formation
between two virtual leaders along an open curve. As an expan-
sion of [19], [20] proposes a ring-networked control scheme
for the symmetric formation on a closed curve. To accom-
modate width-varying waterways, [21] proposes a formation
scaling control method based on bearing rigidity theory. To
enhance the flexibility of formation, [22] investigates a two-level
distributed time-varying formation control architecture under
the fixed topology. Note that the aforementioned results pay
more attention to the cooperative mission but ignore the control
performance. In [23], the performance indices of MSVs with
individual objectives are studied to reach the Nash equilibrium
using the noncooperative game. Under the game framework, [24]
and [25] present the distributed optimal formation results for
fully-actuated MSVs. Though these schemes in [18], [19], [20],
[21], [22], [23], [24], [25] can be employed to implement the
vessel-train formation, it ensures that tracking errors converge
to a size-unknown residual set. When operating on narrow
waterways such as inland waterways and sea-river, it is both
worthwhile and critical to explicitly preconfigure the conver-
gence rate, overshoot, and steady-state accuracy for MSVs.

Known for being effective tools to configure performance
indices in prior, prescribed performance control (PPC) in [26]
and funnel control (FC) in [27] are proposed to restrict the system
state or tracking error within a predefined small residual set.
Over the past decade, a variety of applications and evolutions of
the standard PPCs and FCs have been reported in the formation
control problem. Specifically, [28] and [29] consider the limited
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sensing range for MSVs and define the collision avoidance-
and connectivity maintenance-related PPC constraints for the
leader-follower formation control. Similar to the performance
functions in [28] and [29], [30] develops a robust formation
control method using only relative distance and angle among
MSVs. The state-feedback PPC schemes in [28], [29], [30]
rely on the velocity signals of marine vehicles from sensors
or networks. To get rid of dependence on the velocity, some
velocity-estimated control schemes are derived to achieve the
velocity-unavailable performance-guaranteed formation such as
high-gain observers [31] and [32], fuzzy state observers [33]
and [34], and disturbance observers [35] and [36]. To further
enhance the property of convergence time, [37], [38], [39]
improve the traditional performance functions as the finite-time
PPC with the presetting time convergence. Besides the con-
vergence time, it is desirable to guarantee the small overshoot
of the dynamic system in [40] and [41]. Different from the
above schemes, the prescribed performance objective can be
achieved by formulating a quadratic program problem subject to
control barrier function-based constraints. Model uncertainties
and environmental disturbances are considered in the mentioned
control schemes. For marine vehicles, it is also inevitable that
thrusters are subject to the input saturation [44] and potential
faults [45]. The impact of saturation may cause the formation
error to exceed the performance function envelopes, leading to
undesirable behaviors or even potential instabilities. In [42],
[43], fault-tolerant tracking control methods are derived for
the formation of MSVs with both actuator faults and PPC
constraints. In [46] and [47], the smooth switching function is
employed to avoid the possible violation owing to the input
saturation. In practical applications, the mentioned methods
are seldom directly employed in vessel-train formation since
MSVs are usually governed by surge and yaw actuators and
are not equipped with sway ones. Note that control methods
proposedin [28], [29], [30], [31], [32],[33], [34], [35], [36], [37],
[42], [43], [45], [46], [47] do not take into account both input
saturation and actuator faults in the performance-guaranteed
formation of MSVs.

This paper focuses on the tunnel prescribed control for the
vessel-train formation of uncertain underactuated MSVs with
input saturation and actuator faults. The main contributions of
this paper are summarized as below.

e Compared with the existing formation control methods
proposed in [18], [19], [20], [21], this paper develops a
saturation-tolerant tunnel prescribed control method that
both achieves the vessel-train formation of underactuated
MSVs and guarantees the predefined performance under
input saturation and actuator faults. The path-guided con-
trol scheme enables decoupling cooperation and tracking
objectives to enhance the flexibility of the formation.

e Compared with existing PPCs and FCs in [26], [27], [28],
(291, [301, [31], [32], [33], [34], [35], [36], [37], [39],
[40], [42], [43], [45], [46] with standard envelopes, we
design saturation-tolerant prescribed performance (SPP)
functions to impose more strict and flexible performance
constraints on underactuated MSVs. Under the tuning of
auxiliary systems, the presented SPP not only achieves a
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Fig. 1. Illustration of the vessel-train formation on waterways.

small overshoot but also autonomously scales the behavior
boundaries against the input saturation.

¢ Different from saturation or fault compensation schemes,

we derive the saturation-tolerant surge and yaw control
laws for underactuated MSVs using echo state network-
based (ESN-based) estimators, which can ensure that the
formation errors evolve within the SPP envelopes in the
presence of unknown kinetics, input saturation, and actua-
tor faults.

Notations: Let 1., be a integer set {1,...,n}. 0,,x,, repre-
sents an m x n-dimensional zero matrix. diag{- - - } is a block-
diagonal matrix. || - || denotes the Euclidean norm of a vector
or matrix. A(-) and A(-) represent the maximum and minimum
eigenvalues of a matrix, respectively.

II. PROBLEM FORMULATION

Consider a vessel-train formation containing one super leader
and N follower MSVs depicted in Fig. 1. In reference to body-
fixed reference frame {B} and earth-fixed reference frame {E},
the motion dynamics of MSV ¢ for ¢ € [,y is expressed as [48]

T; = u; cosY; — v; sin;

Ui = u; sine; + v; cosy;

i = w;

Mt = fiu (U, Vi, i) + Tou + T4,
Miv; = fio(wi, vi,w;) + 78

MirWi = fin (Wiy Vi, ;) + Tiw + T2,

D

where p; = [z;,7;]" € R? is the position and 1; € R is the
yaw angle in {F}. u;, v;, w; € R denote the surge, sway, and
yaw velocities in {B}, respectively. fi,(-), fiv(:), fiw(-) € R
are unknown functions governed by Coriolis/centripetal force
and hydrodynamic damping effects. m;,, M., Mi, € RT are
inertia masses. 77, 7,78, € R are bounded environmental
disturbances caused by wind, wave, and current; 7, Ti, € R
denote the surge force and yaw moment, respectively. In practice,
the actuators of MSVs may suffer from the input saturation and
fault, which can be modeled by

Tiy = i (t, to)hay (75) + T (4, 1), = u,w )
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where;; (¢, t9) € Risanactuator effectiveness with t, being the
initial time. TZ»J; (t,t;) represents the additive fault segment with

ty € R hyj (5;) is a nonlinear saturation function described
by

K

Tij, Tij = Tij
(75) = { s s < 7
hij (13;) = Tis T S Tij < Tij 3)
S
Tijs  Tij < Tij

where 77, is the desired control signal. 75, 7,; € R are the upper
and lower bounds.

In the vessel-train formation, consider N virtual leaders mov-
ing along a predefined path py(6;) = [4(6;),va(0;)]" € R2
with 6; € % being a path parameter for ¢ € ;.. The dynamics
of §; is presented by 0; = vy — w;, where vy is the update speed
of the super leader 6y and w; is a cooperative error to be de-
signed later. Through the communication, the path information
is delivered to every MSV, and the line-of-sight distance and
heading error of MSV ¢ are defined as

zip = /(€a(0:) — 2:)* + (ya(0:) — v:)?
{Ziw = iq — i “@

where ;4 = atan2(yq(0;) — yi, va(0;) — z;) represents the
line-of-sight angle. Note that ;4 is not well-defined when z;, =
0 because atan2(-, -) is not defined at (0,0). In the subsequent,
the controller for the vessel-train formation will be designed
such that ;4 is well-defined for V¢ > 0.

Note that the fact x4(6;) — x; = zip cosiq and yq(0;) —
Yi = Zip sin1;q. Then, it yields from (1) and (4) that

{z"ip = (a.cfl o8 Yia + Y4 sinia)0; — u; cos ziy — v; sin 24y,
Ziy = Yiq — w;

with 2 = 9x4/00; and v = Oya/0;.
Since the underactuated MSV is not equipped with sway
thrusters, the subsequent design focuses on the dynamics

Zip = (:z:fl cos ;g + yg sin ¢id)9¢ — U; COS Ziyy — V; SIN Zjyp
Ziy = Yiq — w;

mjuuv - E?L + Tiu

mrwwL = Fiy + Tiw

&)

where m;, and m, are nominal inertia parameters to relax
the requirement of the full knowledge of m;, and my, [49].
Fy, = m:u(flu(uza Vs wi) + Tiu + Tz%.)/miu — Ty and Fy, =
5, (finw (Wi Vi, i) + Tiw + Tih) [ Mis — T

Remark 1: The controller development for underactuated
MSV employs a polar coordinate transformation technique,
which is usually used to deal with the underactuation of marine
vehicles in [31] and [50].

The performance index to be explicitly prespecified is de-
sirable and crucial for vessel-train formation of underactuated
MSVs sailing on waterways. Because of the property of small
overshoots, tunnel prescribed performance (TPP) functions are
employed to restrict z;;, and z;,; such that

1
— zip < Zip < Zjp (6)
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— sz < Zip < Ziy @)
for Vt > 0, where

zj, = (07, +sg0(2ir,0)) pir () — pik,oo 58N (2ik,0)
Zip = (03 — 880(2ik.0)) pir (t) + pik,o sg0(2ik0)  (8)
Pik(t) = (Pir.o — Pik.oo)e " + pik oo

with pixo = pir(0), pik,co = im0 pir(t), Pir,o > Pikoo >
0, wix € RT,0 < 6%,6% < 1,and 2z 0 = 21 (0) for k = p, 9.
From the definition of z;p, it has z;, > 0 for V¢ > 0. Thus, the
lower boundary function for z;, is formulated as zfp =0to
ensure the good definition of ¢, 4. With the aid of TPP constraints
defined by (6)—(8), the performance indices of z;;, and z;, can
be explicitly given by

® convergence rate: faster than the decay rate —pu;1;

e bounds of overshoots: {—zfp(O),zfp(O)} and {—zﬁw(O),

2 (0)}5
* steady-state accuracy: max{0, |z}, (c0)|} and max{|z],
(00)], 2Ly (c0)]}.

This paper focuses on how to achieve the vessel-train forma-
tion with prescribed performance for a group of underactuated
MSVs suffered from actuator saturation and actuator faults.
Herein, a saturation-tolerant tunnel control method is developed
to achieve the following objectives. Specifically,

® Geometric objective: Drive the MSV 1 to follow the path

pa(6;) such that

lim |2ip] < € € RT, lim |2ig| < e € RT. (9
tgrglo|zlp| <ep€RT, tLrgc|zZ¢| <€y €N 9)

Moreover, the tracking errors z;, and z;, evolve within
TPP constraint spaces when h;; = 7.3.
® Dynamic objective: To govern the sailing velocity and

spatial configuration, the following objectives are satisfied

{limt—>oo 16; — vs| < €igr € RT

(10
limy o [0; — 60 — Oi0] < €590 € RT

where 6, is a scalar deviation of path parameters with

respect to the super leader. The neighbor distances of the
vessel-train formation can be determined by 6.

To move on, the following assumptions and lemma are need.

Assumption I ([51]): For marine vessels, there exist positive

constants %, € % and ?Z/; € R such that Yii <5t tg) <1

and \TiJ;(t,tl)| < ﬂ-’; fori € I}.y and j = u, w.

Assumption 2: For the TPP constraints (6)—(7), the initial con-
ditions are satisfied such that z;,,(0) € (0, 27, (0)) and z;y(0) €
(—sz(O), z1,(0)) att = 0 fori € [;.n.

Lemma 1 ([52]): Consider a system #(t) = Kz (t) + u(t)
with the state x € R, the Metzler matrix K € R™*™, and
the nonnegative input u(t) € ®™ for 2(0) € R™ and V¢t > 0.
If 2(0)> 0, the solution of system is unique such that z(¢) > 0
holds for all ¢ > 0.

III. CONTROLLER DESIGN

In this section, we propose a saturation-tolerant tunnel pre-
scribed control method including the SPPs, auxiliary systems,
tunnel guidance laws, path update law, ESN-based estimators,
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Fig. 2. Diagram block of the developed saturation-tolerant tunnel prescribed
control scheme.
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— Piko = 1.0 Zik
Zik

Fig. 3. Comparison illustrations of TPP and SPP.

and saturation-tolerant control laws. The Diagram block of the
proposed method is presented in Fig. 2.

A. Design of Tunnel Guidance Laws

Based on TPP functions (8), we construct the SPP functions
with flexible envelopes as follows

(1)

where 17, | € B> and AL k.1 € R0 are to enhance the tolerance
for the error fluctuation caused by input saturation.

According to (2) and (3), the tuning mechanism of the SPP is
given by the auxiliary system

-r __ T r
Zik = Zik T Akt 2=zl + Mk 1

).‘;k,l = —(F) " Fir(—Lira Ay + Ay n)
j‘ék,l = _(Filk)ilfik(eikyl)‘ék,l - )‘ék,z)
).‘;k,Z = —likpriy 2 + T,
iék,z = _éik,Z)“ék,z + 7% (12)
ik = ﬁ(sgn( 75— Tig) + DT — Tij)
T = 1” (sgn( Iij) - 1)(753‘ - Iij)
with A7 1(0) = A3, (0) = 23, 5(0) = 25, ,(0) = 0, where

A2 )‘ék,z € R are states of auxiliary system. F;p, F/}., ]—'il,~c €
R are partial derivatives to be defined later. £, 1, {;1, 2 € It are
positive gains.

Remark 2: In practice, it usually needs to predeploy quan-
titative parameters p;,0 and p; o according to the specified
requirement. However, the presence of input saturation and
actuator fault may cause tracking errors to violate the given
performance constraints since standard PPCs [53], FCs [54],
and TPPs [33] can not adaptively adjust their boundaries against
input saturation and actuator faults. Thus, it has to enlarge
the parameter p;; o to tolerate the fluctuating errors, which is
illustrated by an example in Fig. 3. Inspired by [55] and [56], SPP
is designed to improve the flexibility and tolerance of boundary

18383

functions against input saturation. It is seen from Fig. 3 that the
upper bound z;;. of the designed SPP can be scaled to tolerate the
fluctuating errors. Under no input saturation, the TPP constraints
defined by (6)—(8) are held. Thus, the tuning mechanism is ef-
fective in guaranteeing the stability of the vessel-train formation
of marine vessels subject to input saturation and actuator faults.
To satisfy the constraint (11), z;; is mapped as an uncon-
strained variable &;; via the error transformation function for-
mulated as follows
it 2o, Zn — Zin
TRk () 2
where Y (§;) is a smooth and strictly increasing function, called
as error transformation function, with three essential properties:
limg,, 00 T(&ix) = Llimg,, 0o T(&ix) = —1,and Y(0) = 0.
Then, the transformed variable &, is yielded by taking the
inverse function of Y (&;x) as

i = T™ (zun, Zh ) = tam (3T (600))

where Y(&;) = 2arctan(&;;)/m. Then, it differentiates &
along with (13) and (14) as follows

Zik = (13)

(14)

Eire = Fincin + Fiptie + Flnzhy (15)
with Fir = mwsec*(n Y (&) /2)/ (2] zk + 2ip)s k=
—msec’ (n Y (E)/2) (2 + 24,/ (2} + 241,)%,  and ]’-l =

—msec(wY (&) /2) (zar — 20),) /(s + 203.)*.
Based on (11), derivatives of &;;, and &;,, are deduced as

5210 ZP21P+‘FT (Z +)‘zp1)+le ip,1
iy = Fipip + Fly(2 up+)‘up1)+}—w( 7,1[)1—’_)"1/)1)

(16)
Substituting (5) into (16) yields
Eip = Fip (2 cos thiq + yf siniq) (vs — ;) —
— e + 2u; sin® - — v sin 2y ) + F A7
FFip (Lipa (Mg = Mpi) = Apa +20,0)  (17)
fzw - mlz( Qi — Wie + wzd> 7!’2}“/) + ‘szlw
+Fiy (fiw,l()‘;/m - )‘m,l) — Aot )‘w,z)

With U;e = U; — 0y, aNd Uje = W; — e, Where oy, and oy,
are the desired surge and yaw guidance laws to be designed,
respectively.

To achieve the evolution within the SPP constraints defined
by (11), the tunnel guidance laws «;,, and o, based on (12) are
designed as

iy = (28 o8 Piq + 5 sinig)0; — vy sin e
+2U2 SiIl2 ziw + ./—"i_l (kzpfzp —+ f r )

ip“ip
+£2p, ( zp 1 )“zp ]) (18)
iy = wid + “l’g“b + ( i ull + ‘F’lbzl’(/)))
Hlip 1 (Mg g — )‘z‘zm)

where k;;, and k;,, are positive constants.
In the following, the path update law is developed to coor-
dinate multiple MSVs for a vessel-train formation. Under an
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undirected network environment, the coordination variable = is
derived as

N
w; = kio | Y aij(0; — 0; — Oi50) + aio(6; — 0y — ;)

j=I

(19)
with 0,50 = 0,0 — 00, where k;p is a positive constant. a;;
depicts the communication link between nodes ¢ and j for
1 # 7, j € lp.n. If node i receives the signal from node j, then
a;; = 1; otherwise, a;; = 0. Additionally, the self-link of node
iisa;; = 0fori € Iy.n.
Letting 0;c = 6; — 6y — 0,0, it gets from (17) and (18) that

éip = - ipgip - ]:ip(uie - )‘Z;D 2 T )”ZIL )
gzw = —kip&iyp — Fiy (wie — )‘zw 2 T )‘“Z) 2) (20)
916 = —w;j.

B. Design of Saturation-Tolerant Control Laws

With the aid of the approximation ability of ESNs, the ESN-
based estimators are developed by (2) and (5) as follows
; ~ oy T

U = —(Spu + k3,) (0 — wi) + O, i +

Wi = _(giw + kfw)(wz

1.
* U
m,,i w

+ LR

7niw

AT 21D
—w;) + Oy, Piw

where 4; and w; denote the estimation velocities. ¢, € R,
Giw € RT, K, §R+, and k2, € N1 are the estimator coef-
ficients. @w and @m are the estimated weights of ESNs.
Piv € ™ and @;,, € R™ are reservoir states updated by

D :T‘_l 7bzu iu U @ 1 @ m
{sow a (—biwpiu + 00 (O Xiu + OF @iu)) (22)

Sbiw = Tzzul (_biw‘Piw + U'iw(QZszw + ®w}501w))

where T, € ®T and T}, € RT are time constants; b;, €
RT and b;, € RT represent leaking rates; o, (-) € R™ and
oiw(-) € R™ are activation functions; X, = [w;(t), u;(t —
ta), hin(t)]" and X = [wi(t), w;(t — ta), hiw(t)] " denote the
input vectors of ESNs with the sampling interval ¢4 € RT;
@X c §RmX3 @X c §Rm><3 @90 c §Rm><m and @fw c pmxm
are the input and reservoir welghts respectively.
To update @Zu, and (-)Zw, the adaptive laws are designed as

éiu =T <<Piu(@i —u;) + ki(?réiu) 23)
O = T (%w(ﬁh‘ —w;) + kg)uéiw)

where k2 € R, k2 € R, I';, € R, and T';,, € R are positive
tuning coefficients.

Letting u; = 4; — u;, w; = Ww; — w; be the estimation errors,
it renders along (5) and (21) that

_ R AT
~ (St R+ BT + O
K3 - ot AT
w; = _(Ciw + k;)w)wz + hiw Tzﬁu;’ Fiw + eiw‘piw
Define Qv = Uj — Qljy, + )L;”p ) )\ip ) and Qiw =

W; — Qi + )»;/)72 — )‘21#72 and take their derivatives with
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(12) and (21) as
Giv = —(Siw + K5, ) Ui + o, »
—lipa(Mpy — My, 2) + (75, — I?u) 25)
Giw = —(Siw + k) Wi + @Zwsom
—&w,z( i,2 )\’7,11) o)+ (7, — Ifw)~
Then it yields from (2) and (3) that h;,, = mj, (7%, — 7%,) +

:oand hy, = ml, (18, — 72) + 75, The saturatron tolerant

control laws are des1gned as

AT .
Tisu = m;ku( - kquZu - @zugow + Qi
+Fipip + Lip2(Mfp s — ALy, z))

LT (26)
Tiw = My ( = kiwGiw — O Piw T Ciw
+Fip&iy + Lip2(Afy 2 — )”éw,z))
where k;,, and k;,, are the positive constants.
Combining (25) with (26), one has
Gin = _kiuqm - (giu + kfu)fh + sz{zp 27)
(jiw = *kiniw - (giw + kfw)wl + fld)fzw

IV. STABILITY ANALYSIS

This section analyzes the property of auxiliary system (12)
and the stability of the closed-loop system.

A. Analysis of Auxiliary System

The property of auxiliary system (12) is stated by the follow-
ing lemma.

Lemma 2: Consider the MSVs with dynamics (1), the SPP
(11), the auxiliary system (12), and the ETF (13). If the inequality
|75 — hiz| < hy; with hy; > 0 and TPP constraints (6) and (7)
hold for Vt > 0, then 0 < AT, |, AL < €30 05, hij /mi;
0 < Aoy My < 055 hij/mi; for k = p, ¢ and j = u, w.

Proof: Given that 17 ,(0), Aﬁkﬁz(O) are non-negative and

and

i1, » is positive, we have Azk , > 0and )\éka > 0 from Lemma
ij|,< ﬁij implies that
75 < hw / m;;. Subsequently, (12) indicates that the dynamics
of AT ko is governed by AT ik < —li 2)\,1k’2 + hm/m”. When
Mo =yl yhij /my;, it results in A7, < 0, which means that
0<Af,<{, ! _w / m;;. Similarly, the following inequality
0 <Ay, < Ez’k 5 ”/mw is also deduced.
Moreover it follows from (11) and (13) that both
( fk)’l}'ik&m and (.ka)’lfik&hl are positive. Referenc-
ing Lemma 1 again it confirms that )LZTM >0 and Aﬁ»k,l > 0.

1. Furthermore, the inequality |’7'S

Since A7y , < Elk »hij/mj;, the evolution of A7 | is described by
)»Zk’l < —(FL) ' Fin(—la A +€;k12_”/m* ). It is clear
that Mk,l <0 for A, > K’ flklsz/m” Therefore, it ren-
ders that 0 < A7, | < Eik17161k72 i7/m;;. An similar bound is
derived for Aék’l, namely, 0 < )\2,@71 < Ei_kl,lgi_klgﬁij/m;kj'

In summary, auxiliary variables A7, |, AL, |, A7y o, and Ay,
are bounded by 0 < A7, 1,)rlk1 < é;kiﬂéi_k',zl_uj/m;fj and 0 <
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)‘;‘kgv)‘ék,z < E;klzﬁij/m’;j for kK =p,v and j = u,w. This
completes the property analysis of auxiliary system (12).

B. Stability of Closed-Loop System

The stability of the closed-loop system consisting of (20),
(24), and (27) is given as follows.

Theorem 1: For a vessel-train formation composed of N
underactuated MSVs (1) subject to input saturation and actuator
faults, if Assumptions 1 and 2 hold, then under the auxiliary
system (12), guidance laws (18), ESN-based estimators (21),
adaptive laws (23), and saturation-tolerant control laws (26), all
of the MSV in the formation are regulated to a small neighboring
region of the parameterized path. Moreover, formation tracking
errors do not violate SPP constraints despite input saturation and
actuator faults.

Proof: The stability analysis is concluded via the following
three steps.

B. Step 1: Choose a Lyapunov function candidate
Vo = 055N (i + 02 + O3]/ T + 07 [2/T'0)
for the subsystem (24) with @iu = @w —0®,, and
Oiw = 0O,y — ©,, where O;, € R™ and ©,, € R™
are output weights satisfying [©;,] < ©;, € RT and
||®zw|| < C:)iw € %+~

By utilizing the approximation ability of ESNs, unknown
functions in (5) are presented as Fj,, /m}, = @chiu + €4, and
Fiw/ml, = @iTwcpiw + €iw, Where ¢;,, and ¢;,, denote approx-
imation errors satisfying |€;,| < €4 € BT and || < €00 €
R+. Then, it follows from (23) that

T ~ T
—
iuPiu — qu/mlu - ®zu¢zu — €y

T . - T
_ jwPiw — Fiw/miw = 0;,Piw — €iw (28)
Oy = —Diu(Pintis + k2O,

O, = —Liy (@i + kS,@m)
With (2), (24), and (28), it takes the derivative of 1} as

@ @

N

y 1

Vo = Z <_ (§iu + klou)’ag + m7* ((1 — 7iu>hiu — 7‘1];) w;
i=1 iU

- 1 -
- (giw + kzow)wzz + * ((1 - ’Yiw)hiw + TZ{D) Wi
Uom
~ T A =T A _ -
- ki?L@iu@iu - kf?l,G)w}Gm — Ui€iy — Wik |-
(29)
From Young’s inequality and Assumption 1, one gets

— i€ < 3(0F + €3,),  —Wiciw < 5(0F +€2,), (1 — i)
hiw = 7)< 50 =)W, + 70) + i@ (1= )
- _ - ~ T A
hiw - Ti{u)wi < %((1 - ’Yiw)2h%w + TZJZ) + u_}rzz’ _kz%@zu@’m
< =3k (10wl = 1©:l?), and —k2,0;,0i, < 3k,
(19wl = [©w]*)-
Combining (29), it yields that

N 11
Vo< Y (—(iu+ kD — 5 — —
— 2 m

u

%©
2

Ja; — =4O’

18385
s L1\, k2
- (giw + kiw - E - m:w) wZZ - B ||®iw”2
1 1
+ = (egu +—— (F2 4+ (1= 7)) + 48O
2 m;

1

bt (74 1= )) + ISR
My

Define 9; = [ii;,w;]" and @; = [(:);, (':)jw}T. If the selection

of parameters <;,,, kS, Siw. and k9, satisfies ¢;, + k9, > 1/2 +

1/m}, and ;o + k9, > 1/2 + 1/m},, one has

Tw?

N
) _ 1 -
<Y (~coll i - 342164 +2) GO

i=1

where cio = min{Gy, + k2, — 1/2 = 1/m},, Giw + kS, —
1/2 = 1/m;, }, kS =min{k$, kS, }, and e; = (&, + €, +
((1 - ’yiu)2h12'u + fiiz)/m:u + ((] - ’Yiw)zhzgw + ?z'fj)/m:w +
kall®ll® + ES,1©:1?) /2.

B. Step 2: Denote Zig = Z;VZI Qij (01 — 9j —
0ijo) + aio(0; — 0o — i),  zo = [210,---,2n0) s  Oc =
[01cs...,0ne]", and @ = [y, ..., wN] . Then, it has

29 = HO., 0. =—. (31)

In what follows, a Lyapunov function candidate for the subsys-
tem (20) is chosen as Vi = 21V (€2, + &,)/2+6.H86./2,
whose dynamics along (19), (20), and (31) is given as follows

N

Vi= Z (_kipgizp — &ipFip(Uie — )‘ép,Z +Aipo)
i=1

- kil/lfizw —&ipFiy (wie
N

= Z (_EiHSiHZ - kiezv% + ’Sz‘T-'Fi()vé,z - M‘ﬂ,z — ﬁie))

i=1

! 2
= Aiyor T hiyo) = kiozig)

where  k; = min{kiy, kiy}, & = [Ep.Sin),  Fi=
diag{}}p,filp}, A’ZT,2 = [)*zrp,za )‘fw,z]T’ )vé,z = [)"lip,27)\"liw,2]T’
and 'ﬂie = [uie, wie]T.

Based on the fact that A} , — 7,
[@iws Qi) |, it ODtains

— ;. =0; — q; withq; =

N
Vi< Y (“hill&l - kiozly + € Foldi — q0))
i=1

Using the Young’s inequality, it gets 5;.’&{91 < |&l*/2 +
| F:|1?[|9:]]? /2, which is substituted into V; as

N

. 1 .

i< X (ealel? - ks - €1 Fias + SIFPIIR)
=1

(32)

where ¢;; = k; — 1/2.
B. Step 3: Choose a Lyapunov function candidate V, =
SN (¢, + ¢2,,)/2 for the subsystem (27). Then, it takes the
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The communication topology of the vessel-train formation.
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Fig. 5. A vessel-train formation along the urban river.

derivative of V5 as

N

"/2 - Z (_kiuqz?u - (giu + kzou)(huaz + Qiu-/_"ipgz'p
i=1

(gzw + k )Qwaz + Giw M/Jé-zw) .

~(Siw + k) @it < (Siu + k3,) (@7, +47) /2
)qiwti < (Siw + k§,) (a7, +07F)/2, one has

- kiw qzw
Utilizing and
(§zw + kzw

w5 (- (e

1 1
- <kzw - z(giw + kfw)) qzzw + 2<§1w + kzow)w

1 1 -
= 5 k) ) Bt 36+ 42

+ GiuFipip + GiwFipsiv) -

When ki, > (Siw +£2,)/2 and ki > (G + kS,)/2, the
derivative of V5 is obtamed as follows
. N ~
<> (~eallail? +colldil? + al Fiti)  33)
=1

with ¢ = min{k;, — (Siu + £2,)/2, ki —
and ¢ = max{G, + kg, Siw + £y, }/2.

Consequently, the Lyapunov function of the resulting closed-
loop system is presented as V' = V) + V| + V5. With (30), (32),
and (33), the derivative of V' is rendered as

(Siw + K3)/2}

N
< 37 (= callBill — callédl? ~ calail® - S£16417
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kel + si) (34)
where ¢y = cio — || Fil*/2 — .
Denote  E' = [@T,ﬁT, 0 g] and FE=
W ,¢7.q7,0 0717 with 9=[9,,. {9}]1 ¢ =
- T
€, .. &5, a=1al,...,qN]", and o= [@1 v ONT
Based on the fact that E' = W E with
Isy @I, Osyxonm  Osnvxn
U = |0onmx6N InNm @Iy Oonmxn |,
Onxsn  Ononm H
it puts into
V < —c|E'| + |lell < —chmm(P)|E|* + [lel| (39
where  e=[e},...,en]’ and ¢ =min{cy,ci, 2,3}
with co = min{c}y, . .., o} ¢y = min{eyy, ..., CN1}s
¢ =min{cp,...,cn2}, 3 =min{k®/2,.. . k9/2}, and
Cqp = min{klg, ceey kNg}.

Since €;y, €iw»> Oiu, and O;,, are bounded, it follows that ¢;
is also bounded under Assumption 1, which implies that € is
bounded by ||e|| < &.Itis derived from (35) that &, fori € I;.n
and k£ = p, v is bounded. According to the error transformation
(13), the boundedness of &;, renders that —z}, < z;, < z[j,i.e.,
—2l - )‘zk,l < zik < Zjj, + Ay, - Consequently, it shows that
all the tracking errors z;, and z;, evolve within SPP regions
regardless of input saturation, actuator faults, and unknown
disturbances. Therefore, all error signals of the resulting closed-
loop system are uniformly ultimately bounded. O

Remark 3: Assumption 2 ensures that the transformed error
&k, as defined in (14), is well-defined for V¢ > 0. Further-
more, satisfaction of the initial condition z;,(0) € (0, z],(0))
and z;,(0) € (—zll»w (0), 27, (0)) yields that V(0) is bounded,
which further renders the boundedness of V(¢) for V¢ > 0.
Consequently, the controller designed under initial conditions
leadsto &;, € Lo, thereby fulfilling the SPP constraints. Similar
initial conditions are commonly used in the PPC problems,
see [26] and [28].

Remark 4: A tuning guideline of designed parameters is pro-
vided to facilitate the implementation of our proposed method.
For SPP, parameters pi.0, Pik,0c» Orp;s 5f &> and ju;3, are determined
by practical performance requirements. The large gains ;1
and /;;,» improve the adjustment rate of auxiliary variables.
For ESN-based estimators, parameters ¢;; and kfj are chosen
such that c¢;o > 0. For the guidance and control parameters,
Kip, Kip, kiu, and Ky, should be sufficiently large to ensure
ci1 > 0 and ¢;; > 0. Note that if k;p,, kip, kiy, and k;,, are set
too high, it will results in large control efforts and undesirable
behaviors. Therefore, a trade-off selection is crucial and should
be considered in practice.

V. SIMULATION RESULTS

This section conducts the comparison simulations of the
vessel-train formation to validate the effectiveness and supe-
riority of the proposed method.
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Fig. 7. Control inputs of MSVs. (a) Surge force. (b) Yaw moment.

A. Simulation Setup

For a practical scenario illustrated in Fig. 1, we consider
a simulation case involving five MSVs and one super
leader, whose communication topology and the predefined
neighboring distances are delineated in Fig. 4. To implement
the vessel-train formation, the parameterized path pg(0;)
is set as pg(0;) = [V26;/4 — V2(10cos(6; /50 + 7 /3) +
40)/2,1/20;/4 +/2(10 cos(0; /50 + 7/3) +40) /2] with
initial  values 6,(0) = =5, 6,(0) =15, 65(0)=-25,
94(0) = —35, 95(0) = —45, (910 = O, and 9120 = 9230 =
0340 = O450 = 10. In this simulation, the MSV model
utilizes the marine vehicle of a length of 1.255m with
detailed Bis-scale parameters referenced in [48]. The
initial positions and yaw angles of five MSVs are chosen
as [—15,25,3w/4]", [-20,22,37/4]", [-30,20,37/4]",
[—40,18,37/4]", and [—48,14,37/4]", sequentially, and all
initial velocities are zero. The control parameters are configured
as follows: pipo =10, pipc = 1, piy,0 = 0.5, piy,cc = 0.1,
Hip = 004, Hiypy = Ol, 5ip = 5“/) = 06, éip == é“/) = 08,
éim = fw,’] = 0.2, fip,z = fiw’z = 05, kip =1, kiw = 10,
kiQZO-OS, vy =1, Ty = Thw =1, biu:biw =1,
Siw = Siw = 20, kY, =k{, =1, I}y, =1000I";, = 1000,
kS =k =0.0001, k;,, = 10, ki, = 10, 7, = 15, 7,, = 0,
Tiw =8, and 7;, = —8. For ESNs in (22), nine neurons
comprise the hidden layer, with the activation function defined

as 1/(1 + e~*). Without loss of generalities, it is assumed that
MSV 1 and MSV 3 experience the following additive faults:

—13|sin(x(t — 100)/20)|, ¢ € (100, 120)

i, = { —15|sin(x(t — 300)/30)|, t € (300,330)
0, others,
—8|sin(7(t — 100)/20)|, t € (100,120)

i, = { 8.5sin(r(t — 300)/30)|, € (300,330)
0, others.

o= —10| sin(7 (¢ — 200)/30)|, ¢ € (200,230)

o 0, others.

o —9.5| sin(7(t — 200)/30)|, ¢ € (200,230)
w 0, others.

B. Performance Illustrations

1) Effectiveness Validation: In this part, simulation results
under the proposed saturation-tolerant vessel-train formation
control method are plotted in Figs. 5—8. From motion snapshots
of Fig. 5 at different instants, five MSVs form the vessel-train
formation along the given parameterized path. The formation
errors of all MSVs are drawn in Fig. 6, where the first and second
rows display the curves of relative distances and heading errors,
respectively. It is seen from Fig. 7 that, during the transient
process, the surge forces of MSVs 1-3 and 5 and the yaw moment
of MSV 5 reach saturation, which force the errors to converge
faster than the rate —p;. It is clear that all tracking errors
evolve within the SPP constraints (—z;,, Zip) and (—z;y, Ziy)
for ¢ =1,...,5. Note that the error zs, fluctuates towards
the outside of the lower boundary —zs,, owing to saturation
effect. To enlarge the boundary of SPPs, the developed auxiliary
system (12) generates the positive modified signals )Llsw’l and
)‘lsw,z plotted in Fig. 8(e), which enables zs,, avoid the possible
violation from Fig. 6(e). When the yaw saturation of MSV
5 disappears, the corresponding SPP boundary z;,, recoveries
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as z;y because of Aéw)l = ’\éw,z = 0. In steady-state process,
MSVs 1 and 3 suffer from the additive faults Ti]; and 7/, which

lead to the saturated surge forces h;,, and yaw moments h;,, for
1 = 1, 3. According to Figs. 6(a), (e), 7(a), and (e), the resulting
fluctuating errors 21, 21y, and z3,, still evolve within the SPP
constraints regardless of actuator faults.

2) Superiority of SPP Over TPP [57]: This part presents a
comparative analysis with the TPP-based method in [57]. For
the sake of fairness, the simulation setup is the same as the SPP-
based one. Simulation results of MSVs 1, 3, and 5 are displayed
to illustrate the superiority of the SPP-based method. As depicted
inFigs. 9 and 10, it shows that heading errors of MSV 1 and MSV
3 overpass TPP boundaries at t = 107.63s and ¢ = 212.30s,
respectively, owing to saturations and faults of yaw moments.
Furthermore, it also finds that MSV 5 violates the TPP constraint
att = 19.18 s since the yaw moment is under saturation. From
Figs. 6(a), (c), and (e), it is observed that the SPP boundaries
have the ability to tolerate error fluctuations by introducing the

control method for the vessel-train formation of multiple under-
actuated MSVs subject to input saturation and actuator faults.
Specifically, the designed SPP not only restrict the formation
tracking errors with a smaller overshoot but also avoid possible
violations under the input saturation. Using the path coordina-
tion scheme, the vessel-train formation of underactuated MSVs
is achieved and formation errors are guaranteed to evolve within
the prespecified SPP constraints regardless of input saturation
and actuator faults. Through simulation comparisons, it demon-
strates the effectiveness of the proposed saturation-tolerant tun-
nel prescribed control method.
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